This paper deals with experiments undertaken with the object of determining, by quantitative feeding, the approximate amount of elemental iodine necessary to induce complete metamorphosis in normal and thyroidless toad larvae, reared under identical environmental conditions.
If this proved to be true, then the minimum figure should be much lower for animals with thyroid glands than for those without.
A brief resum6 of the facts brought to light in earlier papers on this subject are: (1) Inorganic iodine and its compounds, iodoform and potassium iodide, greatly accelerate metamorphosis of tadpoles. (2) Anuran larvae from which the thyroid gland had been removed at its inception (i.e. 6 ram. larvae) and which under normal conditions do not undergo metamorphosis, but grow to abnormal size, quickly transform into frogs when fed elemental iodine. This indicated that iodine is essential for amphibian metamorphosis, that it is the active constituent of the thyroid glands of these animals, and, judging by its physiological effect on thyroidless tadpoles, that it exerts its activity directly upon the cells and tissues of the organisms; i.e., that iodine is capable of functioning like the thyroid hormone in thyroidless tadpoles, and the thyroid-like action is either inherent in the iodine atom, or else the elemental iodine is transformed into a substance similar to thyroid secretion by tissues other than those which normally perform this function. (3) The thyroid follicles of tadpoles on an iodine diet show a greater colloid content than do the glands of normally fed animals. (4) The peculiar action of iodine in accelerating metamorphosis is apparently unique and not possessed by other closely related chemical agents like bromine. (5) Anuran metamorphosis depends upon the amount of iodine secured by the larvae; the greater the quantity the male rapid the differentiation.
Materials and Observations.
The experimental animals were tadpoles of the common toad, Bufo lentiginosus; all came from the same egg mass and hence presumably were of the same parentage. The thyroid anlagen of 100 animals were extirpated at the time of their evagination from the pharyngeal floor, and the larvae appropriately controlled3 When the larvae were 9 ram. long, control and thyroidless groups were divided into five cultures each, twenty larvae to a culture. The containers were large, glass bowls containing 3,000 cc. of tap water. Four thyroidless cultures and four cultures of normal animals were used for experimental purposes;" the remaining two cultures served as checks. The original plan was to use only distilled water, but water distilled by ordinary methods was found toxic for tadpoles. Only quartz distilling was satisfactory. Unfortunately the laboratory facilities for this method were inadequate for producing 30,000 cc. daily, so tap water was substituted. Princeton water possibly contains minute traces of iodine, but if so it is present in such small quantities as to prove negligible in the present experiment.
The nature and amount of the food fed were carefully controlled, and consisted of fat-free casein, yeast, potato starch, and rolled oats. 3 days a week small quantities of Elodea were placed in the containers. Toad larvae do not feed upon the Elodea itself, but only upon the diatoms and other organisms living on it. It is evident, from the choice of foods listed, that the possibility that iodine might be present in minute traces was not absolutely ruled out. However, as in the case of the tap water, if present it was insufficient in quantity to affect metamorphosis during the interval the experiment lasted. The water of the cultures was changed daily and the containers were well rinsed.
• An ~t/20 stock solution of iodine was employed. The gram concentration of iodine used for the various cultures is given in the following table. This amount was given daily.
Thyroi dl esscul t ures.
/ Concent rat i onof i odi ne. . Frog and toad larvae are said not to swallow water s but to absorb it through the integument, Consequently this method of iodine administration is very satisfactory. The obvious defect of this method is that it is impossible to determine the exact amount of water absorbed or iodine obtained by the larvae per day.
For the sake of brevity, all descriptions of the various cultures will be presented in tabular form. Date of first iodine administration, May 19; average total length 9 ram. ; no limb buds present. A plus sign indicates that fore limbs have appeared.
s Boulenger, E. G., Reptiles and batrachians, London and New York, 1914, xi% 197-199 .
Observations of M a y 26.
Thyroidless iodlne-fed. 
1
* Fore limbs of t h r e e a n i m a l s b r e a k i n g t h r o u g h t h e skin; culture m e t amorphosing.
Observations of J u n e 25.
Thyroidless iodine-fed. Good.
'une 12 to 18.
Mortal-* Fore limbs through skin in'six animals; culture completed metamorphosis by une 29. Four animals died before resorption of the tail was complete.
I t will be noted t h a t Cultures 1 and 2 of the n o r m a l iodine-fed larv0e, living in iodine concentrations of 0.0000014532 and 0.0000011499 respectively, completed m e t a m o r p h o s i s before the corresponding thyroidless cultures began to transform. I t will be shown later t h a t the interval between m e t a m o r p h o s i s of normal iodine-fed and thyroidless iodine-fed cultures in equivalent solutions is lengthened the lower the iodine concentration, finally becoming perhaps an indefinite interval in the case of the thyroidless animals. 4 This strongly indicates t h a t there is an irreducible m i n i m u m of iodine concentration for metamorphosis, beyond which thyroidless larva~ are unable to utilize the m i n u t e quantities of iodine present, though this m a y be sufficient to stimulate m e t a m o r p h o s i s in animals with intact thyroid apparatus. 4 Thyroidless Cultures 3 and 4 unfortunately were lost September 11, owing to neglect to change the water for 52 hours, resulting in decay of the food, especially casein, and consequent death of the larvae. At this time none of the animals in Culture 4 showed indications of metamorphosis. However, two animals of Culture 3 were about to transform. Thyroidlessiodine-fed. Mortality.
* Fore limbs t h r o u g h skin in t h r e e animals of t h y r o i d l e s s Culture 2; culture b e g a n m e t a m o r p h o s i n g J u l y 3 a n d c o m p l e t e d t h e t r a n s f o r m a t i o n b y J u l y 10.
O b s e r v a t i o n s o f J u l y 1 9 .
Thyr oidlcss iodine-fed. Completed metamorphosis, June 25 to 29. Thyroidless iodine-fed. By July 30, all the normal iodine-fed animals in Cultures 1, 2, and 3 had completed metamorphosis, while in Culture 4 many of the larvm were transforming, and all had completed the process by August 2. Of the thyroidless animals, Cultures 1 and 2 had metamorphosed earlier, but Cultures 3 and 4 showed on this date no very marked indications of assuming adult characters very soon. These two cultures were fed and tended as usual until September 5. During this interval the animals increased considerably in size, those in Culture 3 averaging 52 ram. with hind legs 10 ram. long; the larvm of Culture 4 averaged 47 ram. with hind legs 7.5 ram. There were no marked indications of metamorphosis. The two control cultures, one normal and the other thyroidless, averaged in length 27.5 ram. and 40 ram. respectively, with hind legs 7.5 ram. and 5.5 ram. Growth in these two cultures was very slow after July and practically ceased by August 2. The diet appears responsible for this, in part at least. In earlier papers 1 the writer has shown that when fed in minimum quantifies iodine stimulates growth in anuran larvm. This was also found to be the case in the present experiment. The growth rate of frog larwe reared artificially is so variable, however, the writer lays no great stress upon this point.
The history of thyroidless Cultures 3 and 4 leads to the conclusion that 0.0000007666 and 0.0000003833 concentrations of elemental iodine are insufficient to induce complete metamorphosis in animals devoid of the thyroid apparatus, even when fed over fairly long periods of time. The organism is apparently unable to utilize the minute quantities of iodine absorbed through the integument without the aid of the thyroid mechanism to collect and store it, thus preventing its passage through the body unused. This is good evidence that larvae with intact thyroid apparatus are capable of utilizing very much smaller quantities of elemental iodine than are thyroidless animals. The lower limit of the iodine concentration requisite for metamorphosis of normal larva~ was not determined, as 0.0000007666 and 0.0000003833 were the weakest used and both proved to be above the lower limit just necessary to induce metamorphosis. On the other hand, these same concentrations were too low to induce metamorphosis in thyroidless animals.
The determination of the exact amount of iodine absorbed by the larvae of any single culture during the course of the experiment was not attempted. Anuran larvae apparently do not swallow much water, but are constantly absorbing it through the skin and eliminating it through the kidneys, thus a constant stream of water flows through the organism. It is surprising how much water a 6 ram. tadpole will absorb in 24 hours. Recently the writer 5 extirpated the kidneys of tadpoles, eliminating the excretory function. The result was a generalized body edema of enormous proportions due to water absorption. It is very unlikely that inorganic iodine will be absorbed by the larvae at the same rate as water. Iodine has a much wider distribution in nature than is commonly supposed, and is not confined solely to marine waters and organisms, and the thyroid glands of vertebrates. This halogen in some form or other, and in small quantities, is present in most surface water, and practically all organic matter, provided a fair sized sample is analyzed. It is surprising how many common foodstuffs contain traces of iodine. The amounts are of course very small, and this fact has been the chief hindrance in the way of recognizing iodine as of common occurrence, for it is only within recent years that a method sufficiently delicate to detect very minute traces of this substance has been devised. With further refinement of technique it is safe to assume that iodine will be found to have a far wider distribution in nature, and to play a greater functional part in organisms than is at present conceded.
In marine organisms, both animal and plant, iodine is usually found in some form, and certain animals like coral are said to have a specific iodine metabolism. Among land vertebrates, iodine is not only found in the thyroid, but normally occurs in the blood and tissues. For instance, Kendall 8 finds that the average iodine content of calves' blood is approximately 0.015 nag. per 100 cc. of blood. The amount in the tissues is somewhat greater, and in the liver is still greater than in the tissues. Other investigators have at various times reported the presence of iodine in the ovaries, adrenals, spleen, and salivary glands. The thyroids of infants a few weeks after birth are said to contain iodine, hence it is not improbable that human milk contains traces of this substance. Swingle, W. W., J. Gen. Physiol., 1918-19, i, 509 . McClure, C. F. W., ibid., 261. 6 Kendall, E. C., Am. J. Physiol., 1919, xlix, 136. There can be little doubt that the iodine of the thyroid is obtained by the organism from the food and water. Marine and Rogoff ~ have clearly shown that the affinity of thyroid tissue for iodine is so great that practically all iodine injected into the organism by experimental methods is "fixed" in the thyroid within a few minutes. Their experiments explain why it is that considerably more iodine is required to induce metamorphosis in thyroidless frog larva~ than in animals possessing glands.
The importance of iodine in the economy of the organism is at present little understood and much underestimated. The writer holds the view that this halogen will eventually take rank along with chlorine, phosphorous, and other elements essential to the maintenance of normal metabolism, growth, and development. The almost universal occurrence of a thyroid mechanism among the vertebrates for the assimilation and utilization of iodine in minute quantities, points to the conclusion that there is a definite iodine metabolism in these forms, and that it is necessary for the normal functioning of vital processes.
That elemental iodine functions within the thyroidless organism as such, is highly improbable; it is far more likely that it is combined with other substances in the blood and tissues, though what these substances are is unknown, just as it is unknown how the presence of the thyroid affects the iodine. In either case, however, the result is the same in frog larvae; i.e., normal metamorphosis. The fact that more iodine is required to bring about metamorphosis in thyroidless animals than in normal ones may indicate either that the thyroid gland tissue has added something to the iodine, thereby increasing its physiological activity, or that the gland has functioned as a storage organ and fixed the iodine in greater quantities, thus preventing its passage through the organism unused. It may well be that both these possibilities are realized in normal animals with intact glands. It is to this latter view that the writer adheres.
A recent writer 8 has stated that iodine has nothing to do with limb development in the larva~ of Urodela, and doubt is expressed that conMarine, D., and Rogoff, J.M., J. Pkarm. and Exp. Therap., 1916, viii, 439. s Uhlenhuth, E., Y. Gen. Physiol., 1918-19, i, 534 . "It is remarkable, however, that in two so closely related groups of animals as the caudate and tailless batrachians, the same process should be caused by so different a mechanism. It is difficult to refute the suspicion that in the Salientia the development of the limbs may be initiated only indirectly by the iodine action, perhaps on account of some incidental anatomical structure which first must be broken down by the autolytic action of the iodine."
This statement should be of interest to students of anuran metamorphosis who have experimented with iodine, as it is a denial of the process, namely limb development, most obviously brought out by iodine administration in these forms. There can be no question that iodine has little or no effect upon limb development of urodeles, but also there can be no doubt that this same substance stimulates to a remarkable degree limb growth and formation in the Anura. Despite the close phylogenetic relationship between Urodela and Anura there exist some sharp distinctions between the larvm of the two groups in regard to physiological responses to environmental conditions, and in developmental history. Metamorphosis in the Apoda and Urodela is restricted chiefly to the reduction of the gills, the closing of the clefts, and the loss of the gill chamber and the finny margin of the tail; but in frogs and toads, the change from the tadpole to the final form is a fundamental reorganization of the organism, involving practically every organ. The following quotation is from Boulenger: 3 "In the newts the transformation is much more gradual (i.e., than the metamorphic change in Anurans) without the intercalation of a tadpole stage. The final transformation in the Urodeles consists essentially in the loss of the gills and the development of the eye-lids. I may mention that although the larvm of Urodeles are often called tadpoles, the term as applied to them is quite misleading, the larvae of frogs having an altogether different form and organization." Limb development in amphibians varies considerably in the different types. Thus, in most Anura, the limbs develop slowly and require months and years (Rana catesbiana) for complete development. In other forms, such for instance as the urodele, Salamandra maculosa, the young are born with legs.
Uhlenhuth regards gill reduction and shedding of the skin in urodeles as constituting metamorphosis. It is evident that such a con-ception is not sufficiently broad to account for the fundamental changes incident to anuran transformation. For in these animals metamorphosis usually implies complete shedding of the tadpole characters, such as the fish-like tail, larval mouth, gills, intestinal hystolysis~ and reorganization and development of the frog character by growth of limbs and other fundamental changes. Whether or not the autolytic action of iodine is responsible for all these body changes can only be determined by future investigation.
There are unquestionably other unknown chemical factorsinvolved in the degenerative and regenerative processes involved in metamorphosis, and as investigation in this field has scarcely begun, all generalizations should be regarded as premature.
In conclusion the writer wishes to acknowledge his indebtedness to Professor E. N. Harvey and Professor E. G. Conklin for valuable criticism and advice.
